Tooth root form and fillet radius have a great influence on gear tooth root strength that is one of the primary subjects of this paper. Special attention is given to analysis on impact of gear tooth fillet radius at the critical cross section on stress value and distribution. A first initial crack appears at the gear tooth and it is affected, the most, by root stress concentration. Hence, this paper's research topic is focused on finding the optimal fillet tooth root radius to minimize the tooth root stress intensity. This paper provides results achieved by application of numerical methods -finite element method (FEM) and real working conditions simulation. The results of this analysis are presented as figures and tables of Von Mises and normal stresses as well as charts against different values of tooth root fillet radius ρ F in two case: with one tooth root fillet radius ρ F and with two fillet radii ρ F 1 and ρ F2 ("two level approach" in a root).
INTRODUCTION
Form and dimensions of a tooth root fillet radius have great deal on stress concentration, initializing cracks and even fatigue failures appearance. Considering spur gears the greatest stress concentration appears in a tooth root [10, 11] .
Tooth root critical cross section is determined by tooth fillet radius tangent that is positioned 30° against gear symmetry line, and its dimensions are critical cross section width s Fn and wheel width b (Fig. 1) [1].
Figure 1. Driven gear with one fillet radius critical cross section dimensions and acting normal force F bn at the outer point of a single mesh B
According to the theory, at the contact points B and D (B -outer point of a single mesh, D -inner point of a single mesh), double mesh follow transforms to single and reverse. In that points Fbn force acts in total value (because of single mesh follow), while in points A and E, Fbn force acts with half of its total value. Hence, the greatest values of normal and equivalent stresses in the tooth root appear in the moment when the contact between two meshed gears is in the outer point of single mesh and only results for this contact points will be presented. Loads in other mesh contact points have no big influence on critical cross section stress concentration and they don't cause failures and crack initiation in a tooth root.
Tooth root critical cross section is exposed to a pressure load under radial component, and under tangential component as bending and shearing. It all shows complex load state in the tooth root critical cross section. Accumulation of normal stresses gives maximal stress on pressured side of the gear tooth, while, in the same time, resulting normal stress on the tensile side is considerably less than on the pressured side of the gear. However, unwanted phenomenon as plastic deformations, crack initiation, even a gear failure appears on a stretched side of gear tooth which gives cracks initialization. According to that, rectangular tooth root cross section is deformed and goes to trapeze form, which leads to changes of the position of neutral axe. Because of that all, stress values on the stretched side of gear tooth are important for determination of applied stresses.
Tooth root stresses are very important for cracks initializations and failure appearance.
Authors of this paper investigated tooth root fillet radius influence on critical section stresses in two cases: with only one and with two fillet radii.
In this paper special attention will be dedicated to stress concentration comparison in gear tooth root with one and with two fillet radii ("two level approach" in a root) [1, 3] .
Parameters that define tooth root geometry are presented on a Fig.1 and Fig.2 . Fig.2 . presents tooth root with two fillet radius parameters where ρ F1 is upper radius and ρ F2 is lower radius. A critical section position is determined in the same way as for the tooth root with only one fillet radius. It is always possible to determine a critical section position for upper radius ρ F1 , but for the lower radius ρ F2 , critical section is near the top of the fillet radius and it is often impossible to be determined under the 30° angle.
Figure 2. Gear tooth root parameters with two fillet radii
In case of one tooth root fillet radius it is analyzed eight different values of ρ F . The lowest value is ρ F = 4.56 mm and it is incrementally increased to the value of ρ F = 10.94 mm. Fig. 1 shows parameters of critical section for tooth of a driven gear with only one fillet radius.
Tooth root fillet radius ρ F is given in the form of:
where α 0 is main pressure angle (α 0 = 20°) and с p can be determinated by с p = (0.1 ÷ 0.3)m, (m -module).
CHARACTERISTICS OF ANALYZED GEAR
All analytical and numerical researches are carried out on a real construction with real condition simulation. Considered gear is a part of structural elements of great power planetary transmitter (big excavator of power 2×550 kW) with following characteristics [3,7-9]:
o module m = 24 mm, o modification coefficients x 1 = 0 and x 2 = 0.326, o wheel width b = 350 mm, o torque Т = 2528.8 kNm, o number of teeth z 1 = 20 and z 2 = 96, o gear material is carbonized steel 17CrNiMo6 (according to DIN) with Young's modulus E = 2.1×10 5 MPa and Poisons's ratio ν = 0.3.
DETERMINATION OF THE GEAR LOAD CAPACITY ACCORDING TO TOOTH ROOT STRENGTH
Tooth root applied load caused by normal force F bn acts in contact points on the mashed teeth profiles. For analyzing the stress conditions at the gear tooth root, the toot is approximated with the console shaped mechanical model, embedded in the gear body, at the end of which the load acts in the direction of the teeth profile pressure line. Normal force can be divided in two components:
o radial sin r b n F a n F F   and o tangential cos
where the gear is exposed to a pressure load under radial component, and under tangential component, with the force arm h Fa , it is exposed to bending and shearing. Normal force F bn is determined according to:
According to the theory, at the contact point B for the driven gear, double mesh follow transforms to single and reverse. In that point F bn force acts with total value. Loads in other mesh contact points have no big influence on critical cross section stress concentration and they don't cause failures and crack initiation in a tooth root. In this work shall be represented only results for the driven gear and its B contact point ( Fig. 1) .
It is possible to get analytical normal tooth root stress value according to ( Fig.1 ) and [8] as follows:
(3) Table 1 shows dimensions of a tooth root critical section with one fillet radius ( Fig. 1 ) necessary for normal stresses determination for different values of tooth root fillet radius ρ F . Analysis is carried through without deviation in production process and at ideal contact conditions.
NUMERICAL ANALYSIS
Numerical analysis is deduced to determination of Von Mises stresses and normal stresses for a gear of planetary transmitter. That same gear is designed at the first analysis with one fillet radius ρ Fn and at the second analysis with two tooth root fillet radius ρ F1 and ρ F2 with same or with different values. Finite element method (FEM) for numerical analysis is used [2, 5, 6] . For that purpose finite element package FEMAP v.9.3 is used.
On the basis of the gear data, the 3D finite element model is made. At first analysis (one tooth root fillet radius) one driven gear tooth has 11240 elements and 12915 nodes ( Fig.3) . At second analysis (two tooth root fillet radius) one gear tooth is formed by 11440 elements and 13000 nodes and it is formed in order to have the same number of nodes and elements as the same analyzed gears with only one tooth root fillet radius. The mesh is refined in the tooth fillet region in order to show the stress condition in that section as best as it is possible. According to a supposition that load is equally arranged along the instantaneous tooth side, only 50 mm width layer of tooth contact line is analyzed. The gear tooth is loaded with the normal force F bn which is acting with the whole value at the outer point of a single mesh (B). Outer load, normal force F bn , that it is equally arranged along the instantaneous tooth side contact line, is changed with concentrated force at nodes along that line (21 nodes along the width b 1 ). It is possible to get equal force distribution along the tooth width, if it is possible, to have more layers of finite elements and that sooths influence of concentrate force in the instant contact point.
Developed FEM (finite element method) of stress determination in gear tooth root allows not only good picture of stress distribution but even defines exact position of maximum stresses.
In this analysis are presented only numerical results for Von Mises and normal stresses at critical section on a stretched side.
Results of Von Mises σ e and normal σ y stresses at critical section of the gear tooth with one fillet radius caused by acting of a normal force F bn at the inner contact point B are presented in Table 2 .
Results for the second analysis and for the both fillet radius ρ F1 and ρ F2 are shown in Table 3 . Stress values in these tables present tooth root stresses in a critical section. Stresses on a stretched side of a gear tooth critical section cause crack initializations and failures appearance, and that is the reason they are only presented in these Tables.
It may be seen from these tables that Von Mises σ e and normal σ y stresses become less as fillet radius ρ F grows up and it is in agreement with analytical results [7, 8] . So, there is a recommendation for higher values of fillet radius, but only in allowed boundaries. Fig. 4 shows the functional relationship between various values of fillet radius ρ F and equivalent stresses σ e and normal stresses σ y for the analyzed gear. These graphs show again a fact that tooth root stresses become less as fillet radius ρ F grows up.
Hence, stresses were still with high values and another analysis has been taken. In order to get critical section stresses with lower values, gear tooth root with two fillet radii are analyzed [1] . It is supposed that two fillet radii ("two level approаch" in root) act as "disencumber notch" for stresses and the tooth root stress concentration will be lower. Nevertheless, analyses show that is not always correct and it is possible to get higher tooth root stresses with two fillet radius than only with one for the same determined gear (Table 3) .
It is possible to present graphs of all before described samples in this paper, presenting Von Mises and normal stresses ( Fig.5.) in function of tooth root fillet radius ρ F1 and ρ F2 .
Considering case f it can be seen that Von Mises and normal stresses are less significant on the lower fillet radius, but they are higher on the upper fillet radius. For driven gear, on the upper tooth root fillet radius, equivalent stresses are 1% and normal stresses 6% higher, while on the lower fillet radius equivalent stresses are 18% and normal stresses 52% less.
Cases b (less stresses for the both of gears) and f (approximate same stress values with compared for the both of gears) have the best results.
Considering all variants of f samples it can be concluded that stresses, Von Mises and normal, become less as upper fillet radius ρ F1 becomes less, so, f2 sample is the most available. If rest of dimensions stay unchanged, it is possible to make mesh follow of driving and driven gear of same tooth root dimensions.
Case b3 comparing sample b has different lower radius ρ F2 (Table 3) . Gear has less stresses on lower fillet radius: equivalent stress is 14% less, and on upper fillet: equivalent stress is for 2% and normal stress for 22% less. It means that b3 tooth root form, according to stress condition, is quite available for the driven gear, because this gear has less stresses on both of fillet radius, upper and lower. Figure 6 and figure 7 show 3D finite element model for Von Mises (equivalent) stresses for a driven gear tooth (critical section) in case of normal force F bn acting in a contact point B. Figure 6 shows gear tooth root with one fillet radius (ρ F = 7,29 mm) and figure 7 shows gear tooth root with two fillet radii, case b2 (Table 3) .
These analysis show that stresses get less as h s dimension grows up, but it has to take care of its value to allow gears mesh follow. It is not necessary that tooth root dimensions have to be the same for driving and driven gear to allow gear mesh follow. Investigations of gears with two tooth root fillet radius show that increase of upper fillet radius ρ F1 get reduction of stresses. So, in order to get stress reduction and appropriate tooth root state condition it is necessary to modify these two parameters.
It is important to say that it is not possible to realize in practice gear mesh of every combination of tooth foot radius presented in Table 3 . It refers especially to cases where parameter h s has higher values (all b tooth root samples), although it is more appropriate case in aspect of stresses (for these instances stresses are reduced) it is not possible to realize two same dimensions gear mesh follow because gears would intermesh each other. However, even these samples are important for finite conclusions in this investigation. In some cases less h s values give less stresses and it can be concluded that with good tooth root dimensions selection, although it is not necessary for pinion and gear to have same form and dimensions, stress reduction can be significant. 
CONCLUSION
Topic of this paper is forming efficient and convenient numerical model for the determination of tooth root phenomena caused by geometrical discontinuity under static and cyclic loads. Results in this research show good agreement with analytical results, so this methodology may apply in practice.
The most important are tooth root stresses caused by load in the inner contact point of mesh, because they are the greatest and the most important for failure appearance in a tooth root.
It can be concluded, analyzing results of this research, that at gear with one tooth root fillet radius, stresses reduce as tooth fillet radius grows up.
It is supposed that two fillet radius ("two level approach" in root) act as "disencumber notch" for stresses and the tooth root stress concentration will be lower. Nevertheless, analyses show that is not always correct and it is possible to get higher tooth root stresses with two fillet radius than only with one for the same determined gear.
Reduction of stress concentration acts directly on gear service life elongation and increases safety factor S F on that place [4] . This paper shows that appropriate fillet radius selection can increase tooth root stresses in its critical section even by 30%. It was an intention of this research, because in that case it could succeed better tooth root load capacity and service life elongation.
Although tooth flanks stresses are more important for damages and failure appearance, tooth root stresses should not be neglected. Damage and breakage of teeth and failures of large and highly stressed gear transmitters are a potential danger regarding personal safety and can cause an important material loss. Because of that it is good to continue further research in this field. 
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